1) Many host-parasite interaction dynamics show distinct seasonality. Parasite population growth and invasion success are generally explained by host density dependence, while the direct influence of environmental factors on parasite life history traits has been underreported.
Introduction
Many host-parasite dynamics are distinctly seasonal (Altizer et al. 2006) . Host distribution, abundance and condition are often explained exclusively by environmental factors while microparasite invasion and spread are generally interpreted as a time-lagged, density-dependent consumer-resource interaction (Arneberg et al. 1998 , Ebert et al. 2000 , Gerber et al. 2005 , Hall et al. 2009 ). Parasites, however, are also directly affected by environmental conditions either during transmission or, in ectoparasites, during their complete lifecycle (Frost et al. 2008 , Krasnov et al. 2010 , Laine 2007 , Mitchell et al. 2005 , Paull and Johnson 2011 . If environmental factors indeed play an important role in shaping parasite lifecycles, transmission success and productivity, we risk missing crucial information on host-parasite dynamics when considering host density effects alone.
Parasite invasion success and spread through host populations is often summarized by R 0 , the net reproductive rate of the parasite (Anderson and May 1991, Paull and Johnson 2011) . R 0 is based on host density and recovery rate and on parasite transmission rate, infectivity and virulence. However, when calculating R 0 it is often assumed that hosts and parasites are distributed homogeneously and interact in equally homogeneous environments (Anderson and May 1991, Keeling and Grenfell 2000) .
How spatial structuring affects both invasion success and spread of diseases is increasingly incorporated into network-based epidemiological models (Keeling and Eames 2005) . Spatially explicit models of host and parasite populations show that host patchiness can limit parasite spread, result in fiercer intraspecific competition than expected in more homogeneously mixed populations (Keeling 1999 ) and makes parasites more vulnerable to stochastic events (Dangerfield et al. 2009 ). Detailed descriptions of host-parasite dynamics in spatially and temporally structured environments are needed to provide data for spatially explicit models.
Host-parasite dynamics of Asterionella formosa Hassall and the chytrid fungus Zygorhizidium planktonicum Canter have been monitored extensively in dimictic Lake Maarsseveen, The Netherlands , Ibelings et al. 2011 , Van Donk and Ringelberg 1983 . Asterionella is a characteristic phytoplankton species of temperate lakes where it is often the dominant spring bloom species (Lund et al. 1963 , Maberly et al. 1994 ). It shows a broad temperature tolerance ranging from 1-26 °C with an optimum at 16-18 °C (Butterwick et al. 2005) , is a good competitor for light (Maberly et al. 1994 ) and ortho-phosphate (SRP), but not for soluble reactive silicate (SRSi) (Van Donk and Kilham 1990) . Periods of rapid population increase in Asterionella lead to extraction of major nutrients from the surrounding water (Lund 1950) . Nutrient depletion, notably of SRSi (Lund et al. 1963 ) may lead to collapse of Asterionella blooms (see succession of events in the conceptual PEG model (Sommer et al. 1986) ).
Alternatively, high levels of chytrid parasitism have been shown to bring Asterionella spring blooms rapidly to an end, even before nutrients became limiting for host population growth Lund 1948, Van Donk and Ringelberg 1983) . Zooplankton grazing is less likely to affect Asterionella as it is not easily palatable . In summer/autumn, as SRSi levels rise again and irradiation is reduced by deepening of the epilimnion, a second bloom may follow (Lund et al. 1963 , Maberly et al. 1994 ).
The chytrid parasite Zygorhizidium planktonicum is a highly virulent, obligate parasite on the diatoms Asterionella formosa and Synedra acus Kützing (Canter 1953) . More than 90% of the host cells in a population may get infected, each infection prohibits host reproduction and quickly kills the host cell (Canter and Lund 1951) . As all Chytridiomycota, Zygorhizidium is characterized by uniflagellated motile zoospores that actively search for host cells. Zoospores attach to the host cell surface and extract host nutrients via a rhizoid system to support the growth of an epibiontic sporangium. The next generation of zoospores is formed either asexually or sexually and released from the sporangium by dehiscence (Doggett and Porter 1996) . Both parasite life stages, zoospores and sporangia, are strongly influenced by their respective environment. During dispersal, the free-swimming zoospores depend entirely on their internal energy stores (Holfeld 2000) . They are exposed to predation (Kagami et al. 2007 ) and water turbulence interfering with their swimming behaviour (Kuhn and Hofmann 1999) .
Transmission success decreases with decreasing light and ceases completely in dark conditions, probably due to chemotactic localization of hosts through their exuded photosynthetic products (Bruning 1991c, Canter and Jaworski 1981) . Once attached, the zoosporangia completely depend on the host cell for sustenance until maturation, hence experiencing both direct and host-mediated environmental influences. The parasite's temperature range for active reproduction is narrower than that of its host. At temperatures below 3 °C the parasite is largely inactive and forms resting spores (Van Donk and Ringelberg 1983) while the upper limit lies just beyond 20 °C (unpublished observations). Sporangia maturation time, number of zoospores per sporangium and zoospore infective lifetime decrease with increasing temperature leading to shorter generation times and lower per capita potential fecundity under warmer conditions (Bruning 1991b) . Generally, parasite epidemics are triggered by sufficiently high host abundances as well as temperature and light conditions favourable to transmission (Bruning 1991b ).
Here we report temporal host-parasite population dynamics over a depth gradient, including abiotic and biotic variables (light, temperature, pH, ice cover, SRSi, dissolved nitrate (NO 3 ) and SRP). We present information on timing of host blooms and parasite epidemics, delays in onset of blooms and epidemics across depth and patchiness of host and parasite populations and infection prevalence over the course of the monitored time-period. To our knowledge this is the first study describing simultaneous spatial and temporal variation of host and parasite populations at a moderately fine temporal and spatial resolution.
Methods

Field site and sampling
Water samples for Asterionella, chytrid abundances and nutrient chemistry were collected from the centre of Lake Maarsseveen (5°5'8.559"E; 52°8'34.1808"N). The lake covers about 70 ha and has no direct connection with other surface waters (Ringelberg 1981) . Ice cover varies from no ice cover in mild winters to several weeks in cold winters. 
Analysis of nutrient chemistry, phytoplankton and chytrid abundances
The samples were processed within 4 h after sampling. For SRSi, SRP, NO 3 and dissolved ammonia (NH 4 ) analysis, subsamples for each depth were filtered over 0.2 µm pore size membrane filters (Whatman, Maidstone, UK) and the filtrate was kept frozen for N and SRP or refrigerated for SRSi analysis according to standard methods (Eaton et al. 2005) . Nutrient analysis was executed with a Seal Quaatro autoanalyser 3 (Seal analytical, Mequon, USA) based on Armstrong et al. (1967) . The detection limits were for SRP = 0.5-3 µg P L . For host and chytrid counts, 1 L of each sample was fixed with 8 mL Lugol solution and left to settle. After one week, the top 900 mL was aspirated off, and the remaining 100 mL was stored in Nalgene polycarbonate bottles for counting.
Counting protocol
A minimum of 200 Asterionella cells or 20 fields of view were counted in 1 mL concentrated sample using an inverted microscope (Leica, DMI 4000B, Wetzlar, Germany) according to the Utermöhl method (see (Van Donk and Ringelberg 1983) ). All samples were analysed for host and parasite abundance as Asterionella cells or Zygorhizidium sporangia mL -1 and infection prevalence, i.e. percentage of the observed host population infected (Margolis et al. 1982) ). Dead Asterionella cells carrying dehisced sporangia were counted as infected and may therefore have contributed to an overestimation of infection prevalence.
Definition and calculation of blooms and epidemics
We defined a diatom bloom as a period in which the host abundance rose swiftly and continuously and reached levels that clearly exceeded background levels in the periods preceding and following the bloom (cf. (Maberly et al. 1994) ). To establish the onset date of a bloom period, we fitted a logistic growth model to the observed abundance data and defined the onset date as the date at which cell numbers exceeded 30 cells mL High prevalence of infection occurs when the parasite population growth rate surpasses host population growth rate. However, prevalence can yield a skewed impression of parasite impact on host populations if the host population suffer heavy, non-infection related losses. We defined an epidemic (analogous to the definition of a bloom), as the period in which parasite abundances rose swiftly and continuously and reached levels that clearly exceeded background levels in the periods preceding and following the epidemic. The onset date of parasite epidemics was calculated the same way as for the blooms, by fitting a logistic growth model to the observed parasite abundance data and defining the onset date as the date at which chytrid abundance exceeded 30 sporangia mL -1
. We also identified a delay in the onset of a bloom or epidemic by depth compared to the onset of a bloom / epidemic at a depth of 5 m,
showing a time lag in the onset of the blooms and epidemics progressing down the water column ('depth delay').
Calculation of vertical patchiness
Lloyd's index of patchiness (Lloyd 1967) characterizes the aggregation of individuals in a sample relative to the mean number of individuals present in the sampled neighbourhoods. It is used either as a withincategory measure of patchiness ( , based on abundance of host or parasite) or as a cross-category measure of patchiness ( based on abundance of both, host (X) and parasite (Y)). is calculated as where is the among-sample variance and the among-sample mean (Hall et al. 2005) . When equals 1, the distribution of individuals among samples is random; as Î P surpasses unity, the distribution of individuals becomes more aggregated, while at values below 1, the distribution of individuals is more even than expected in a random (Poisson) distribution (Folt et al. 1993) . The cross-category index is calculated as where and are abundances of two categories in sample i (here host (X) and parasite (Y) abundances) and n is the number of samples. The cross-category index works symmetrically and does not change if X and Y are reversed (Hall et al. 2005) . Again, an value of 1 suggests that individuals of category X and Y are randomly distributed in respect to one other. As aggregations of both categories co-occur, the rises above 1, and as aggregations of one category occur in patches where the other category is less abundant, the falls below 1 (Folt et al. 1993 ).
Calculation of Schmidt stability
The Schmidt stability index defines water column stability as the amount of energy (g cm -1
) needed to mix the complete water body to a uniform temperature without adding or subtracting any heat (Hutchinson 1957) . The index was calculated by the program Lakeanalyzer-2 (Read et al. 2011) using water temperature measurements and data on lake bathymetry. An arbitrary value of 50 g cm -1 was chosen to date the onset of stratification.
Statistics
General linear models were used to explore the relationships of the dependent variables host and parasite abundance to independent biotic and abiotic predictors, including abundance of host or parasite (cells or sporangia mL 
Results
Temperature, light and pH
Temperature at each depth showed seasonal and depth-related courses and ranged from 1.6 to 21.1 °C.
Two short bouts of ice cover were observed with either partial or full ice cover ) started both years in early April and broke down in late November. In autumn and winter isothermal conditions prevailed with the exception of two short periods of inverted stratification under ice (Fig. 1a,b (Fig. 2a,b ). SRP and NH 4 were mostly below the detection limit (data not shown).
Host abundance
During a period of two winters and one summer, four Asterionella blooms were observed. The seasonal cycle showed a low pelagic pre-bloom population which increased in late winter to early spring to form typical Asterionella spring blooms in early 2009 (further called bloom 1) and in early 2010 (further called bloom 4). Also a summer (bloom 2) and an autumn bloom (bloom 3) were observed in 2009. All peak abundances and the dates of onset and peak of bloom are shown in Table 1 . All four blooms occurred across all depths, but not always with a uniform onset date or abundance distribution across depths (Fig. 3a) .
Parasite abundance and infection prevalence
During the same time period, two typical spring epidemics in early 2009 (epidemic 1) and early 2010
(epidemic 4) were observed. Additionally, a very marginal epidemic in summer 2009 (epidemic 2) and an autumn 2009 epidemic (epidemic 3) were observed. Each epidemic was preceded by a host bloom. The observed spring epidemics showed high sporangia abundances and infection prevalence. The epidemics observed in summer/autumn were either low in sporangia abundance and infection prevalence, as in epidemic 2 or high in sporangia abundance but low in infection prevalence, as in epidemic 3. Again, all prevalence, sporangia peak abundance and dates of onset and peak of epidemic are shown in Table 1 .
Prevalence of infection is a measure of the percentage of host population that is infected and is therefore a measure of parasite impact on the host population rather than a measure of parasite abundance. Prevalence peaked after the parasite peak abundance when host numbers were already declining due to infection losses. In summer, sporadic high prevalence samples reflected rather an occasional infection at very low host abundance than sustained elevated parasite abundances (Fig. 3b,c) .
Environmental signals in host and parasite abundance time courses
Host abundance (cells mL (Table 2) .
Depth delay
Production of both host and parasite seemed to occur within the uppermost 5 m during stratified as well as isothermal conditions. The onset date was generally time-lagged with depth: for blooms: delay of onset = e 0.134 (depth) , R 2 adj = 0.5665, P = <0.0001, and epidemics: delay of onset = e 0.137 (depth) -10, R 2 adj = 0.262, P = <0.0001 (Fig. 4a,b) .
Seasonal vertical patchiness
The vertical distribution of host abundance showed seasonal and disease-related signals. During stratified periods, the host population aggregated more in the production layer and therefore showed higher values. However, isothermal mixing and parasite epidemics seemed to induce a more random host population distribution with values moving closer to unity (Fig. 5a ). Vertical distribution of parasite abundance indicated that the parasite occurred in patches ( >1) during most of the year, but was more randomly distributed across depths during epidemics ( ≈1 (Fig. 5b) ). Parasites responded favourably to host density, as the cross-category patchiness index for host and parasite abundances (Fig.   5c ) indicated that higher abundance patches of parasites co-occurred with higher abundance patches of hosts for most of the year ( >1). Again, during isothermal mixing but also during the high prevalence spring epidemics, this association became weaker and the populations were more randomly distributed in respect to each other. Summer and autumn blooms and epidemics (2 and 3) did not show a randomizing effect on the host-parasite association ( values remained above 1).
Discussion
Host-parasite population dynamics and disease impact showed clear seasonal signals with two typical Asterionella spring blooms followed by high prevalence chytrid epidemics and two summer/autumn blooms followed by lower parasite prevalence epidemics. Host and parasite abundances showed significant relationships with biotic (parasite or host abundance) and abiotic (SRSi, light, temperature and Schmidt stability) predictors in the upper 10 m but only with biotic predictors at 15 m. Blooms and epidemics both started in the upper water layers well within the photic zone and subsequently sank to deeper layers. Host and parasite vertical distribution showed both seasonal and ecological signatures.
Vertical patchiness of the host was disrupted by entrainment during the isothermal mixing period and reduced during parasite epidemics.
Host and parasite abundances
The onset of Asterionella spring blooms was likely triggered by improving but still low light conditions (Maberly et al. 1994) , as Asterionella is a good competitor for light. A pelagic population of Asterionella was present year-round so that the spring host population development might have started from an overwintering pelagic inoculum. However, the role of colonies re-suspending from the sediment is largely unknown, but large-scale resuspension of Asterionella colonies has neither been observed in Lake Maarsseveen (reversed sedimentation traps; data not shown) nor elsewhere (Lund 1949) . Host abundance showed a significantly positive relationship with parasite abundance across all depths and a significantly negative relationship with prevalence of infection at 10 m. Generally, parasite abundance increased with host abundance but prevalence of infection peaked when host numbers were already declining due to disease-related losses. Within the upper 10 m, host abundance also showed significant relationships with abiotic predictors. SRSi decreased as host abundance increased, suggesting that Asterionella reduced SRSi levels by uptake. However, the highest abundance host bloom occurred in autumn 2009 when pre-bloom SRSi levels were already lower than the SRSi levels at the end of spring blooms, suggesting that SRSi levels were not limiting in Lake Maarsseveen. The rather sudden end of spring blooms is more likely have been brought about by heavy parasitism well before competitive exclusion due to SRSi limitation could become important (see (Van Donk and Ringelberg 1983) ). Thereby parasitism could potentially uncouple phytoplankton succession from nutrient limitation-mediated competitive exclusion (Canter and Lund 1951) . Light availability (global irradiance) showed a significantly positive effect on host abundance at 10 m, suggesting that light conditions were sufficient at 5 m but limiting at 10 m. Also Schmidt stability had a significantly negative effect at 10 m only. During stratified conditions, the thermocline was located at around 8 m depth, thus the population sampled at 10 m was just below the thermocline and therefore not always entrained in the epilimnion. At 15 m, host population increase was most probably not a result of population reproduction within the hypolimnion but of the population sinking towards the sediment, whereby moribound and dead cells (hence also infected cells) are known to sink more readily through the thermocline (Lund et al. 1963) . The sinking of parasitized dying cells together with the dampened environmental variation at 15 m may explain why host abundance showed a relationship with parasite abundance only and why the fit of the model increased with depth.
Chytrid epidemics were likely triggered by both sufficient host densities and favourable environmental conditions for parasite activity and transmission. Parasite abundance was positively related to host abundance as shown also in Ibelings et al. (2011) . Generally, the parasite needs a minimum host density to reproduce above replacement rate (Bruning 1991b) . It profits from increasing host densities, probably due to decreased host-searching time and increased host encounter rates for zoospores. However, host density was not the only factor driving parasite population growth. At 5 m, parasite abundance showed a significantly negative relationship with light extinction, suggesting the importance of sufficiently high light conditions for transmission. As zoospores locate the host through chemotaxis to its photosynthetic exudates, transmission success decreases with decreasing light and ceases completely in darkness (Bruning 1991c) . At 5 and 10 m, parasite abundance showed a significantly negative relationship with temperature, suggesting that warmer temperatures in summer reduced parasite abundance. Many lifecycle traits such as sporangia maturation time, zoospore infective lifetime and the number of zoospore per sporangium decrease with increasing temperatures (Bruning 1991b) , hence very warm temperatures may hamper reproductive success. The temperature range for parasite activity was generally narrower than that of its host which may be an insurance strategy of the parasite to time its activity more securely within the time of its host's activity. At 15 m parasite abundance was related to host abundance only, which may be explained by the sinking of parasitized host cells and the relatively stable environment in the hypolimnion.
The blooms and epidemics observed in spring and summer differed in size and disease impact.
The two spring blooms fitted into the general patterns described in Ibelings et al. (2011) on how the impact of spring epidemics depended on winter conditions and timing of events: In cold winters when water temperatures fell below 3 °C the host population started to grow while the parasite was still inactive. With rising spring temperatures, the parasite became active and encountered a sufficient host density for successful epidemic development (Ibelings et al. 2011) . But if the host bloom occurred under ice, the parasite might not be able to profit from it at all, see early bloom 1, (Fig. 3a) . In warmer winters, when the water temperature remained above 3 °C, the host population actually grew faster, but was parasitized all the time, resulting in a lower and delayed host peak abundance, lower parasite peak abundance and lower peak infection prevalence (Ibelings et al. 2011) . The blooms observed in summer/autumn developed faster than the spring blooms and were quickly followed by lower prevalence epidemics that were not able to regulate host populations to the same extent as during spring epidemics. Several reasons might explain the lower parasite success despite high host densities in summer. Successful parasite invasion and maintenance may have been hampered by decreased transmission success due to warmer temperatures. Higher abundance of potential zoospore predators, like Daphnia (Kagami et al. 2007) or protection of the Asterionella population by its epibiont Salpingoeca sp. (which has already been shown to be an efficient bacterivore (Simek et al. 2004) ) at the time of bloom 3 might also explain the lower disease impact. And finally, summer/autumn Asterionella populations may live under generally more nutrient-poor conditions. Nutrient availability affects not only host population growth rate but also its cellular elemental composition (Sterner 2002) . Such hostmediated effects of resource availability were shown to influence parasite reproduction success (Hall et al. 2009 ). In the Asterionella-chytrid system, phosphorus limitation of the host lead to decreased zoospore production per sporangium (Bruning 1991a) . Complex effects of host-mediated resource availability on parasite production and epidemic development of disease were explored in a mathematical model (Gerla et al. (submitted) ), showing how parasite R 0 increased with dissolved nutrient concentration through increased parasite reproduction on hosts. Under certain conditions however, chaotic host-parasite cycles were observed whose amplitudes increased with nutrient enrichment, leading to the collapse of the parasite population.
Vertical population structuring
Patchy distribution of organisms likely influences interaction rates between con-and heterospecifics, thereby affecting population and community processes (Folt et al. 1993) . Traditionally, formation of patches was considered purely a product of physical factors (Abraham 1998) . But also ecological drivers influence patch formation: exploitative competition, predation and parasitism all interact with the physical environment and their intricate interplay varies seasonally and geographically (Reid et al. 1990 ).
As the chytrid depends on both host availability and light conditions, the vertical distribution (patchiness) of the host population may be crucial for parasite invasion and persistence (Keeling 1999) .
Host vertical abundance distribution showed a varied picture with higher values between bloom periods and lower values during blooms, parasite epidemics and isothermal mixing periods. Host production was in the upper, photic water layers but during isothermal conditions the mixing of the water column spread the Asterionella population nearly randomly across depths. Ice cover and the resulting inverted stratification led to some vertical structuring, as the Asterionella population stayed closer to where it was produced. Higher host values during the thermally stratified period showed the effects of entrainment of the Asterionella population within the epilimnion. However, during calm weather, part of the population was sinking. Interestingly, in times of parasite epidemics host patchiness seemed to be reduced as well. This may have been a combined effect of higher host abundances and more favourable light conditions for the infection process in the epilimnion.
For most of the year, the vertical distribution of parasite abundance was fairly patchy (high prevalence values), the disease was rare and occurred only in segregated pockets. With onset of spring epidemics (epidemics 1 and 4), the parasite spread across the water column quickly and its patchiness was reduced. At the start of summer epidemics (epidemics 2 and 3) the patchiness of parasite abundance was not reduced to the same level as in spring epidemics. In the cross category patchiness index, higher values indicated that higher abundance patches of the parasite co-occurred with higher abundance patches of the host during thermally stratified conditions and in absence of epidemics, when pockets of the parasite were dependent on sufficiently dense pockets of Asterionella.
However, during isothermal conditions the values came closer to unity indicating that host and parasite aggregations were more randomly distributed in respect to one other. This suggests that the parasite distribution was not driven entirely by host density in isothermal conditions but also depended on environmental factors. Similarly, the values were near 1 during the summer/autumn epidemics which might reflect the impact of the parasite on the host population patch densities.
Seasonal climatic and physical variability influence parasite abundance and transmission through environmentally driven changes in host density but also through environmentally driven changes in the host-parasite interaction (Johnson et al. 2009 ). Vertical gradients in abiotic factors and in patchiness of host and parasite populations expose host and parasite individuals to different environmental conditions even within a single population. As a consequence, this also leads to differences in disease exposure and infection risks along such environmental gradients . Changes in environmental conditions affect host abundance and host nutritional status which, in turn, influence parasite per capita reproductive output and transmission rates (Gerla et al. (submitted) , Johnson et al. 2007 ). Environmental variation can also affect overall disease impact and severity (Paull and Johnson 2011) and modulate the outcome of specific host genotype by parasite genotype interactions (Schoebel et al. 2011, Wolinska and King 2009) , resulting in changes in the strength and direction of parasitemediated clonal host selection.
Our study confirmed that host and parasite populations occur in a temporally and spatially variable environment and show considerable vertical population structuring. Environmental factors such as seasonal variation in light and temperature, but also depth-related light and chemical gradients lead to temporally and spatially structured populations. Vertical positioning and patchiness of the host population can have profound effects on parasite reproductive success which is shaped by both host density but also by environmental conditions. This report on spatio-temporal distributions of host and parasite populations in Lake Maarsseveen aims at contributing to the general insight needed into the complex interplay between abiotic and biotic drivers and how these affect the course and outcome of host-parasite interactions. Table 1 Onset and peak abundance dates, the peak abundance (cells or sporangia mL -1
Legends
) and peak prevalence (%) by depth. Additionally, the 'depth delay' of onset of the bloom and the delay from onset of the bloom to onset of the epidemic are shown.
Table 2
Results of the general linear models on the arma-transformed data series for the dependent variables host abundance and parasite abundance at depths 5, 10 and 15 m. The numbers in brackets of the arma model indicate the autoregressive order and the order of the moving average respectively. 
